Abstract: Mass selective ion beam deposited diamond-like carbon (DLC) films were implanted with Ni + ions at 30 keV with a fluence of 3.6 × 10 16 atoms cm -2 . The peak concentration of nickel in the implanted film was calculated to be 12.5% at an implantation depth of ~30 nm into the DLC film. Raman measurements showed that the integrated intensity of the D peak at ~1370 cm -1 divided by the G peak at ~1560 cm -1 increases after ion implantation, which indicates that the implanted films are more graphitic. The implanted film shows ferromagnetic order at room temperature. However the saturation moment of the implanted film increased significantly when the measurement temperature was lowered. This may suggest that implantation leads to a dilute ferromagnetic semiconductor although more research is required.
Introduction
Diamond-like carbon (DLC) is the name given to describe a family of amorphous carbon materials that may contain hydrogen and whose properties resemble, but do not duplicate, those of diamond. DLC is well known for its superior mechanical properties and hence it is widely used by the coating industry [1] . Recent interest in this field is focused on widening the areas of applications of ion beam based DLC thin films [2] [3] [4] [5] [6] [7] . In our previous work, we presented the results of low energy transition metal ion implantation into DLC films and their possible applications in gas sensors [2] . It was observed that the electrical properties of DLC films can be modified by several orders of magnitude.
However, it is not known how the transition metal implantation changes the magnetic properties of the implanted DLC film. It may be possible that transition metal ion implantation leads to a dilute ferromagnetic semiconductor that is observed in other transition metal doped compounds [8, 9] . Recent studies have also shown that that Ni incorporation onto DLC made by plasma chemical vapour deposition (CVD) can result in ferromagnetic nanoparticles when doped with concentrations from 0.25% to 0.70% [10] .
In this paper, we present the results from Rutherford backscattering spectrometry (RBS), Raman spectroscopy, and magnetisation measurements on DLC films made by mass selective ion beam deposition (MSIBD) and after low energy Ni ion implantation. We show below that low energy Ni ion implantation increases the graphitic content and results in ferromagnetic order.
Experimental details
Different methods of deposition can be used to deposit DLC films [2] [3] [4] [5] [6] [7] 11] . In this work, the films were produced through MSIBD. Each method of deposition has its advantages, however MSIBD is of particular interest as it allows precise control over the growth parameters, selectivity of ion species, and ensures the absence of impurities. Production of both hydrogenated and non-hydrogenated DLC films is possible by this method. The process involves the following steps: A Penning ion source is used to produce the required ion beam. The ion beam is then accelerated by a high voltage power supply and is passed through a highly accurate electromagnet. The electromagnet separates the ion beam based on the mass and charge of the constituent ion species. This allows selection of particular ion species for deposition. The mass selected ion beam is focused and scanned onto the target in the sample chamber with the help of electrostatic lenses, steerers and scanners to ensure uniform deposition/implantation. The energy of the ions can be varied from 100 eV to 40 keV. Butane is used as the precursor gas. The thin films reported in this work were deposited using a C 3 H 6 + ion beam at a 5 kV acceleration voltage with a fluence of 4.6 × 10 17 molecules cm -2 . The substrates were cut from silicon (100) wafers and cleaned with pressurised air before deposition. The deposition was carried out under high vacuum conditions [3] .
Ion implantation is an effective method to modify materials [2] . It is possible to implant most of the elements in the periodic table with isotopic separation. The method involves no chemical processes (impurity free) and allows excellent control over the implanted ion concentration and implantation depth. The implantation process was carried out in a setup similar to that mentioned above. The energy of implantation was set to 30 keV. Nickel targets were used as sputtering targets in the ion source to produce a Ni + ion beam. DLC films were implanted with nickel ions to a fluence of 3.6 × 10 16 atoms cm -2 . The implantation was carried out under ultra-high vacuum conditions.
The as-deposited and implanted films were characterised using RBS, Raman spectroscopy and magnetic measurements. RBS is an efficient method to determine the composition and to measure the depth profiles of different elements within a material [12] . The method involves bombarding a sample with high energy particles and detecting the backscattered particles at a fixed angle. Each element in the sample scatters the beam differently based on its mass and thus has a unique kinematic factor. By analysing the energy and angle of the backscattered particles the elemental composition of the sample can be obtained [13] . For the current work, RBS was performed using a 2 MeV He + beam. The surface barrier detector used for detecting the backscattered particles was placed at an angle of 165° to the incident beam, the beam diameter was 1 mm, the beam current was set to 20 nA and the charge collected was for 20 µC. Raman spectroscopy is one of the most used methods for characterisation of DLC films, as this technique allows estimation of the sp 2 /sp 3 ratio [14, 15] . The samples were analysed using a 514.5 nm green laser and a confocal Raman microscope where the laser power was less than 6.5 µW. A magnetic property measurement system from Quantum Design was used to measure the magnetic properties of the thin films up to 6 T.
Results and discussion
The RBS spectrum from the implanted film is shown in Figure 1 . The carbon and silicon edges are observed at 0.51 MeV and 1.08 MeV, respectively. The spectrum does not show the presence of any impurities within the detection limits. The peak at 1.53 MeV confirms the presence of nickel in the DLC film. Rutherford universal manipulation program (RUMP) was used to simulate the measured spectra. The parameters used for the simulation provide information about the elemental composition of the films along with their depth profile. The implantation dose obtained from the RUMP simulation agreed with the implantation fluence to within an experimental error of ±5%. The peak concentration of nickel ions in the DLC matrix was calculated to be 12.5 at.% for the implantation fluence of 3.6 × 10 16 atoms cm -2 . The thickness of the thin films was calculated to be ~100 nm and the depth of penetration was estimated to be ~30 nm from dynamic-TRIM simulations.
To obtain information about structural properties of DLC films we make use of Raman spectroscopy. The Raman spectrum of DLC can be generally resolved into D (disorder) and G (graphite) peaks. The D peak originates from the breathing mode of the six-fold carbon ring structures located near the defects or dislocations in the films. The G peak arises from the stretching mode of the sp 2 bonds in the DLC film [14, 15] . The intensity of D peaks in comparison to G peak is a crucial factor in determination of DLC film properties as the D and G peak integrated intensity ratio, I(D)/I(G) indicates the contribution from sp 2 clusters present in the DLC films. The position and full width half maximum (FWHM) of the G peak, which indicates the disorder and the sp 2 content of the films, along with the I(D)/I(G) ratio, indicate the quality of the films.
Ferrari and Robertson [15] have proposed three carbon film stages that can be described as a transition from
• graphite to nanocrystalline graphite
• nanocrystalline graphite to amorphous carbon
• amorphous carbon to tetrahedral amorphous carbon [15] .
Tetrahedral amorphous carbon films have the highest sp 3 carbon content while graphite has the highest sp 2 carbon content. The Raman spectra from a carbon film at each and every point of this transition are identified by the combination of G and D peak wavenumbers and I(D)/I(G) ratio [14, 15] . Figure 2 shows the Raman spectra for the as-deposited and implanted films. The spectra were fitted to two Gaussians that represent the D and G peaks. The resultant peak wavenumbers, FWHMs, and I(D)/I(G) ratios are presented in Table 1 . It could be inferred from the Raman spectra of the as-grown films that the DLC films are in the amorphous carbon stage. It can be seen from the table that the implantation process causes an increase in the I(D)/I(G) ratio without any significant changes in the G peak position. An increase in I(D)/I(G) ratio could indicate either an increase in disorder or increase in the sp 2 contribution based on the G peak position. Since the films are already in the amorphous carbon stage, the increase in the I(D)/I(G) ratio can be related to an increase in the contribution from sp 2 clusters in the films. The increase in the contribution from sp 2 clusters can be owing to a number of reasons. One possibility is an increase in the short range ordering of the sp 2 components owing to clustering effects. Other possibility could be due to sp 3 to sp 2 conversion possibly owing to hydrogen loss or the resulting increase in the I(D)/I(G) ratio could be a combination of both sp 2 clustering and sp 3 to sp 2 conversion. However, the table shows that there is only a minor shift in the G peak position. Ferrari and Robertson [15] have reported that for the same G peak position, DLC films can have different I(D)/I(G) ratio implying that the films that have a similar sp 2 /sp 3 ratio can have a different sp 2 configuration owing to clustering effects [14, 15] . This suggests that ion implantation increases the graphitic properties of the DLC films mainly through increased sp 2 clustering in the films. This is also supported by the decrease in FWHM of the G peak indicating a decrease in disorder in the films. Figure 3 shows the moment per Ni from the Ni + implanted film at 300 K. The diamagnetic background from the silicon substrate was subtracted from the raw data. It is apparent that the magnetisation saturates above ~1 T and this shows that Ni + implantation has resulted in ferromagnetic order.
Figure 2
Raman spectra from an as-deposited and a Ni + implanted DLC film. Also shown are the fits to the DLC spectra using two Gaussian peaks (G and D peaks) (see online version for colours) Table 1 Peak wavenumbers, FWHM, and integrated intensity ratio from the as-deposited and Ni + implanted samples and obtained from two Gaussian fits to the data in Figure 2 G peak D peak From the inset in Figure 3 , it can be seen that the saturation moment per nickel atom decreases with increasing temperature and at 150 K it has already reached saturation and is not seen to have any significant variation up to at least 300 K. It is to be noted however that the saturation moment at 300 K is only 67 ± 15% of the value at 5 K. A similar large decrease in the saturation moment is not observed in bulk Ni or in ferromagnetic nanoparticles over the same temperature range. This decrease suggests that there are a range of Curie temperatures from 5 K up to and above 300 K. It has been reported that incorporation of Ni in DLC films by plasma CVD can lead to Ni nanoparticles [10] . Similarly, if we attribute the magnetic order in the implanted films to Ni nanoparticle formation, it is not clear how the saturation moment can decrease with increasing temperature. The results suggest against the presence of Ni nanoparticles. It may be that Ni + implantation has resulted in bonding of Ni to the DLC matrix resulting in a dilute ferromagnetic semiconductor. The presence of an inhomogeneous magnetic dopant concentration could lead to a dopant concentration dependent Curie temperature which explains the observed reduction of saturation moment with temperature [8, 16] . 
Conclusions
In conclusion, nickel has been implanted into the surface region of an impurity-free DLC film by low energy ion implantation. The peak concentration of nickel was estimated to be 12.5 at.% at an implantation depth of ~30 nm into the film. Raman measurements showed that the I(D)/I(G) ratio of the implanted film was high when compared with the as-deposited film. This indicates that the implanted film was more graphitic than the as-deposited film. Magnetic measurements showed that Ni implantation induces ferromagnetic order where the low temperature saturation moment was 0.14 ± 0.02 µ B /Ni. There is still a significant saturation moment at 300 K that indicates that the Curie temperature is above 300 K. The saturation moment decreased with increasing temperature, which may suggest that there is a range of Curie temperatures. This might be owing to the formation of a dilute ferromagnetic semiconductor in the transition metal concentration profile of the implanted film. However, more research, including a temperature dependent magnetisation study and an extensive transmission electron microscopy study, is required to determine if this is the case.
